The aim of this investigation was to document the exercise program used by crewmembers (n ϭ 9; 45 Ϯ 2 yr) while aboard the International Space Station (ISS) for 6 mo and examine its effectiveness for preserving calf muscle characteristics. Before and after spaceflight, we assessed calf muscle volume (MRI), static and dynamic calf muscle performance, and muscle fiber types (gastrocnemius and soleus). While on the ISS, crewmembers had access to a running treadmill, cycle ergometer, and resistance exercise device. The exercise regimen varied among the crewmembers with aerobic exercise performed ϳ5 h/wk at a moderate intensity and resistance exercise performed 3-6 days/wk incorporating multiple lower leg exercises. Calf muscle volume decreased (P Ͻ 0.05) 13 Ϯ 2% with greater (P Ͻ 0.05) atrophy of the soleus (Ϫ15 Ϯ 2%) compared with the gastrocnemius (Ϫ10 Ϯ 2%). Peak power was 32% lower (P Ͻ 0.05) after spaceflight. Force-velocity characteristics were reduced (P Ͻ 0.05) Ϫ20 to Ϫ29% across the velocity spectrum. There was a 12-17% shift in myosin heavy chain (MHC) phenotype of the gastrocnemius and soleus with a decrease (P Ͻ 0.05) in MHC I fibers and a redistribution among the faster phenotypes. These data show a reduction in calf muscle mass and performance along with a slow-tofast fiber type transition in the gastrocnemius and soleus muscles, which are all qualities associated with unloading in humans. Future long-duration space missions should modify the current ISS exercise prescription and/or hardware to better preserve human skeletal muscle mass and function, thereby reducing the risk imposed to crewmembers. microgravity; muscle biopsy; fiber type; gastrocnemius; soleus; magnetic resonance imaging WITH HUMANS CURRENTLY OCCUPYING the International Space Station (ISS) for 6 mo and space exploration missions of 1-3 yr on the horizon, preservation of crewmember health and fitness is a major objective of the international space community. Exercise has been the primary utility used by the space agencies in an effort to protect cardiovascular, bone, and skeletal muscle health while in space for extended stays. The first multifaceted exercise program implemented in space was during the 28-to 84-day Skylab missions in the 1970s. Using a cycle ergometer and a variety of rudimentary exercise equipment, Skylab crewmembers generally maintained cardiovascular capacity while showing decrements in lower leg muscle circumference and performance (23). Since Skylab, the available data from humans that have flown in space for 6 mo or longer show that muscle mass and performance are not protected despite exercise countermeasures (16, 17, 20, 46 ). An exercise program that has historically been variable and limited by hardware most likely explains these findings. However, detailed information on the actual exercise program performed during long-duration space missions is sparse, thus making it difficult to quantitatively assess the effectiveness of the exercise countermeasure to protect against skeletal muscle atrophy. This information is critical to guide the countermeasure program forward for future long-duration space missions.
WITH HUMANS CURRENTLY OCCUPYING the International Space Station (ISS) for 6 mo and space exploration missions of 1-3 yr on the horizon, preservation of crewmember health and fitness is a major objective of the international space community. Exercise has been the primary utility used by the space agencies in an effort to protect cardiovascular, bone, and skeletal muscle health while in space for extended stays. The first multifaceted exercise program implemented in space was during the 28-to 84-day Skylab missions in the 1970s. Using a cycle ergometer and a variety of rudimentary exercise equipment, Skylab crewmembers generally maintained cardiovascular capacity while showing decrements in lower leg muscle circumference and performance (23) . Since Skylab, the available data from humans that have flown in space for 6 mo or longer show that muscle mass and performance are not protected despite exercise countermeasures (16, 17, 20, 46 ). An exercise program that has historically been variable and limited by hardware most likely explains these findings. However, detailed information on the actual exercise program performed during long-duration space missions is sparse, thus making it difficult to quantitatively assess the effectiveness of the exercise countermeasure to protect against skeletal muscle atrophy. This information is critical to guide the countermeasure program forward for future long-duration space missions.
The aim of the current study was to document the exercise program used by crewmembers aboard the ISS and examine its effectiveness for preserving skeletal muscle size and function. Our focus was on the calf muscles, since they have been shown to atrophy more than other leg and upper body muscles with unloading (12, 21) . To obtain a comprehensive profile of skeletal muscle before and after flight, we utilized magnetic resonance imaging (MRI) to assess muscle volume, static and dynamic muscle testing to assess muscle performance, and muscle biopsies from the gastrocnemius and soleus to assess fiber type, contractile function, and microanatomy. The focus of the current report is to overview the exercise program, muscle volume, muscle performance, and fiber type profile of the nine crewmembers tested. The single muscle fiber physiology and muscle microanatomy are being presented in separate reports by our research team. Since there was not a specific exercise protocol that was followed by all crewmembers, we present exercise and muscle data from each crewmember to provide better insight on the exercise program and skeletal muscle findings.
METHODS
Overall study design. Access to the crewmembers began ϳ6 mo before launch. In this time period the familiarization and testing sequence was staggered to obtain the desired test measures outlined in the Introduction. The testing timelines for all of the measurements varied slightly due to crew training procedures in the U.S. and Russia. All pretesting procedures in the U.S. occurred at Johnson Space Center. With the exception of three crewmembers who landed at Kennedy Space Center, the crews landed in Russia. The initial postlanding procedures took place in Star City, Russia (muscle biopsy, MRI, initial muscle performance evaluations). For the Florida landing, the initial postlanding procedures took place at Kennedy Space Center. Approximately 1 wk after the Russia landings, U.S. crewmembers returned to Houston, TX, where the remaining muscle performance measures were performed. Russian crewmembers remained in Russia for the remaining whole muscle performance evaluations. Two identical muscle performance devices were used to accommodate the testing at Johnson Space Center and The Russian Space Center. For the descriptions of the testing sequence described below, prelaunch is designated as L minus (LϪ) and postlanding (recovery) is designated as R plus (Rϩ) with the day pre-or postflight indicated.
Subjects. Ten crewmembers participated in this investigation. For the analysis presented, one crewmember had incomplete data sets and was not included. The subject population consisted of American astronauts and Russian cosmonauts. The subjects' (n ϭ 9) age, height, weight, and days in space were 45 Ϯ 2 yr, 176 Ϯ 2 cm, 81 Ϯ 3 kg, and 177 Ϯ 4 days (range ϭ 161-192 days), respectively. An overview of each crewmember's exercise history in the weeks preceding their launch is shown in Table 1 .
Before volunteering to participate in this skeletal muscle research, all crewmembers were briefed on the project objectives and testing procedures by a member of the investigative team. Crewmembers were informed of the risks and benefits with the research and gave their written consent to protocols approved by the Human Subjects Institutional Review Boards at Ball State University, Marquette University, and the National Aeronautics and Space Administration (NASA; Johnson Space Center). This study was conducted in accordance with the Declaration of Helsinki.
Exercise in space. During the 6 mo the crewmembers were on the ISS, they had access to a treadmill (treadmill with vibration isolation system), two bicycle ergometers (cycle ergometer with vibration isolation system and a Velosiped, i.e., Russian bicycle exercise device), and an interim resistive exercise device (iRED). The crewmembers also had access to bungee cords, which they could use to provide resistance-type exercise for various muscle groups.
The treadmill device could be used in a passive (subject driven) or active (motorized) mode of operation, which was selected by the crewmember during each exercise session. Crewmembers used a subject-loading device to fix themselves to the treadmill, which provided varying levels of loading relative to body weight (typical load was ϳ70% of body weight) during use. In this way, the crewmembers could complete running or walking exercise while partially loaded. The bicycle ergometers provided typical loading in 1-W increments up to 350 W and had clipless pedals for securing their feet. The iRED is an elastomer-based resistance exercise device consisting of two canisters capable of producing up to ϳ68 kg of force per canister. Additional bungee cords can also be attached to increase the load characteristics. A known limitation of the iRED is the inability to precisely set and quantify workloads. A more detailed profile of the iRED has been previously reported (25) .
The operational guidelines prescribed that crewmembers exercise while in space with up to 2.5 h allocated per day for 6 of 7 days of the week. The 2.5-h period included time needed for hardware setup, stowage, and personal hygiene. The exercise prescription was not fixed or targeted to a specific level of performance for a given physiological system. The exercise program was structured to allow for personal preference from the crewmembers along with guidance from trainers and staff within NASA and the Russian Space Agency. To track the exercise profile while in space, crewmembers kept logbooks of their physical activity. In addition, analog data from the devices (treadmill and cycle ergometer) were downloaded (when the downlink was operational) at various times while on-orbit and accounted for ϳ65% of the treadmill and cycle ergometer data. Members of our investigative team personally interviewed each crewmember after their mission. The combination of these three elements (logbook, downloaded data, and personal interviews) comprised the database that enabled us to profile the exercise program conducted by each crewmember while in space.
Muscle volume. To determine muscle volume of the calf muscle, MRI was performed on crewmembers 40 Ϯ 3 (LϪ40) days before launch and 4 Ϯ 1 (Rϩ4) days after returning from the ISS. An additional MRI was obtained on each crewmember 19 Ϯ 2 (Rϩ19) days after returning from space. All preflight MRI scans were conducted in Clear Lake, TX, and all postflight (Rϩ4) MRI scans were conducted in Moscow, Russia. The postflight Rϩ19 scans were divided between scanners depending on the location of the crewmembers at the testing time point. The subjects were scanned feet first in the supine position. The subject was supine at least 30 min before the acquisition to standardize body fluid shifts (5, 20) . The lower leg was suspended at the heel and knee so that the calf muscle was hanging freely. On the GE scanner (Clear Lake, TX), the distal patella was used as the bony landmark for the starting point of the scan. On the Siemens scanner (Cardiology Research Center, Moscow, Russia), the leg was landmarked in the center of the calf and the scan covered approximately the same anatomic region with the actual position set using a scout scan. The scan sequence was a spin echo sequence with 32 continuous slices, 10 mm thick, TR 800 ms, and TE 14 ms using the body coil with a field of view (FOV) of 300 mm (occasionally a FOV of 350 mm when needed to include both legs). This sequence was run twice to increase the probability of having a quality set of images.
To check on the calibration of the scanners and to intercalibrate between scanners, a set of phantoms were scanned each time an astronaut/cosmonaut was scanned with the same sequence, except the FOV was 400 mm. These phantoms were Plexiglas cylinders (5-in. diameter, 12-in. length) filled with doped water. These were used to correct the nominal areas and intercalibrate the scanners.
The MR images were transferred electronically from the scanner to a personal computer (iMac G5) at Ball State University and analyzed 3 ) was calculated by multiplying the cross-sectional area of each muscle by the appropriate slice thickness. The left leg of each subject was used for all measurements. The same investigator completed all measurements. The images were coded to blind the investigator as to which images were preor postflight.
Muscle performance. Maximal voluntary contraction and isokinetic strength of the left leg calf muscles was assessed using a torquevelocity dynamometer as previously described (37, 38) . Each crewmember performed two familiarization sessions before preflight trials. Before launch, each crewmember performed four complete testing sessions over an ϳ4-mo period (LϪ127 Ϯ 13, LϪ87 Ϯ 13, LϪ40 Ϯ 4, and LϪ27 Ϯ 1). Postflight, torque-velocity dynamometer measurements were obtained at Rϩ7 and Rϩ13 for all subjects.
The calf muscle strength protocol consisted of two parts: 1) maximal isometric strength at ankle angles of 80°, 90°, and 100°(with 90°a neutral position) and 2) force-velocity measurements at 30, 60, 120, 180, 240, and 300°/s. With rest periods included, the total test time was ϳ30 min. At each isometric ankle angle, the subjects performed two 50% efforts for warm-up followed by one maximal effort lasting 5 s. At each isokinetic test velocity, a series of four warm-up contractions at ϳ50% effort were performed to familiarize the subjects to the test velocity and movement. After this warm-up, subjects were asked to perform four maximal plantar flexion contractions at the corresponding angular velocity. These contractions occurred with ϳ1 s between repetitions. In addition, no preload was applied to the muscle. A 2-min rest period occurred between each test velocity. Peak torque, independent of angle, at a given velocity was taken as the highest value obtained for each of the four contractions.
Muscle biopsy. A muscle biopsy (6) was obtained from the lateral head of the gastrocnemius and soleus muscle of each crewmember before launch (LϪ55 Ϯ 2) and on landing day (Rϩ0). The landing day muscle biopsy was generally performed mid to late afternoon ϳ6 -8 h after landing. Crewmembers were transported to the main medical operations facilities for observation. After a period of personal activities the crewmembers were brought to the data collection facility for the muscle biopsies. Crewmembers had performed very light ambulatory activities before the muscle biopsy procedure.
Each muscle biopsy sample was sectioned into several longitudinal pieces for various analyses [single-fiber physiology, single-fiber myosin heavy chain (MHC) analysis, single-fiber biochemistry, and microanatomy experiments]. This report presents the single-fiber MHC analysis from the gastrocnemius and soleus muscles.
Single muscle fiber MHC analysis. Single muscle fiber segments (ϳ4 mm) were isolated from a muscle bundle and solubilized in 80 l of 1% SDS sample buffer and stored at Ϫ20°C until assayed (45) . Briefly, samples were run overnight at 4°C on a Hoefer SE 600 gel electrophoresis unit (San Francisco, CA) utilizing a 3.5% (wt/vol) acrylamide stacking gel with a 5% separating gel. After electrophoresis, the gels were silver stained as described by Giulian et al. (14) . MHC isoforms were identified according to migration rate. Nutritional profile. During flight, consumption of food and fluid was monitored according to the same schedule, but subjects used an automated bar code scanning system in which each individually packaged food item was labeled. The in-flight diet was designed to meet the nutritional requirements for ISS missions as established by NASA and the Russian Space Agency (28) . Neither diet nor activity levels were restricted during any of the sampling periods. In-flight consumption data were stored in the bar code reader and downloaded to the ground.
Nutrient content of the pre-and postflight foods was calculated using the Nutrient Data System for Research (NDSR; versions 4.02/30 through 5.0/35), developed by the Nutrition Coordinating Center (University of Minnesota, Minneapolis, MN) (24) . Nutrient content of the in-flight foods was calculated from food chemical data generated by the NASA JSC Water and Food Analytical Laboratory.
Statistical analysis. The effect of spaceflight on whole muscle volume (MRI) and function [all isokinetic speeds and maximal voluntary contraction (MVC) angles] was analyzed using a one-way repeated-measures ANOVA for each variable. A significant time effect was interpreted using pairwise comparisons combined with the Bonferroni adjustment. Whole muscle volume comparisons between the soleus and gastrocnemius muscles were conducted using a twoway (time ϫ muscle) repeated-measures ANOVA. Single-muscle fiber type changes were conducted using a two-tailed t-test for each MHC type. The Pearson correlation test was used for the correlation analyses. Significance was set at P Ͻ 0.05. All data are means Ϯ SE.
RESULTS
Exercise training profile. A summary of the aerobic exercise performed while in space is shown in Table 2 . There was a wide range of aerobic training performed by the crewmembers. Aerobic exercise (cycle ϩ treadmill) approached ϳ5 h/wk or ϳ50 min/day. On average, subjects completed 138 Ϯ 26 min/wk of cycle exercise that generally ranged between 100 and 150 W. While in orbit, crewmembers used the cycle ergometer ϳ60% of mission days. Four of the crewmembers (subjects A, B, C, and G) used the cycle ergometer ϳ81% (range ϭ 70 -90%) or more of mission days, whereas four others (subjects D, F, H, and I) averaged ϳ37% (range ϭ 28 -41%) of mission days, and one crewmember (subject E) did minimal cycling. For the treadmill exercise, subjects averaged 146 Ϯ 34 min/wk on a level grade at a speed ranging from 2.1 to 5.5 miles/h. The treadmill appeared to be used less frequently compared with the cycle ergometer, accounting for Ͻ50% of total mission days. However, there was a wide range of treadmill use, with four crewmembers (subjects B, E, G, and H) having a high volume (Ͼ200 min/wk) of walking/running activities. The other five crewmembers (subjects A, C, D, F, and I) used the treadmill much less (Յ85 min/wk).
A summary of the resistance exercise performed while in space is shown in Table 3 . Generally, all crewmembers performed a suite of leg exercise routines consisting of squats, heel raises, and dead lifts. The program varied for each crewmember, with everyone performing resistance exercise at least 3 days/wk and several conducting resistance training 5-6 days/wk. During the resistance training sessions, crewmembers averaged 3-6 sets of 12-20 repetitions for each leg exercise. We were unable to get an accurate account of the time involved with the resistance exercise. Based on the number of contractions and assuming a 2-s count for concentric and eccentric contractions (from video), we estimate crewmembers spent more than 1 h/wk with the leg muscles under tension during resistance exercise.
Based on the exercise database and available videos of crewmembers while exercising (cycling, running, and lifting), we were able to estimate the number of muscle contractions performed while in space (Table 4) . On average, crewmembers performed more than 435,000 muscle contractions per leg during scheduled exercise while in space. As noted earlier, the exercise program was highly variable with a low of ϳ200,000 (subject C) and a high approaching 1 million (subject B) muscle contractions for each leg. Generally, crewmembers performed exercise 6 of 7 days/wk. Of the total time in orbit (ϳ4,248 h), the exercise program presented (minus setup, stowage, and hygiene) constituted ϳ3.4% of the time. When sleep, workday schedule, and leisure time were considered, the estimate for exercise time increased to 7-10% of the available time for the crewmembers while in space.
Muscle volume. A summary of calf muscle volume before and after space flight is shown in Table 5 . The gastrocnemius (medial and lateral) and soleus muscle were smaller (P Ͻ 0.05) after 6 mo in space. Combined, the gastrocnemius and soleus atrophied (P Ͻ 0.05) Ϫ13 Ϯ 2% pre-to postflight. The soleus (Ϫ15 Ϯ 2%) atrophied more (P Ͻ 0.05) than the gastrocnemius (Ϫ10 Ϯ 2%) pre-to postflight (Fig. 1) . One crewmember (subject E) had insignificant (Ϫ1%) atrophy after the flight. Two of the crewmembers (subjects A and F) lost more than 20% of their calf muscle mass. Of the remaining six crewmembers, five lost more than 10% calf muscle mass.
At Rϩ19 after landing, the gastrocnemius was still 5-6% atrophied, but this was not significant. Conversely, the soleus was still reduced (P Ͻ 0.05) compared with preflight, averaging Ϫ9 Ϯ 1% for all crewmembers. Although calf muscle volume was still reduced Ϫ8 Ϯ 2%, it represented a partial recovery from the more immediate (Rϩ4) flight measurement.
Muscle performance. A summary of each crewmember's calf muscle performance for MVC at one angle (neutral position) and a slow (60°/s) and fast (180°/s) isokinetic speed are shown in Table 6 . MVC was reduced (P Ͻ 0.05) Ϫ14 Ϯ 2% at Rϩ7 and remained lower (Ϫ13 Ϯ 5%; P Ͻ 0.05) at Rϩ13. All nine crewmembers had a decline in MVC (range ϭ Ϫ7 to Ϫ22%) with flight. At Rϩ13, seven of the nine crewmembers were lower (range ϭ Ϫ9 to Ϫ33%), with two crewmembers (subjects A and H) having a 5-10% increase compared with preflight.
At the slow isokinetic speed (60°/s) there was a Ϫ20 Ϯ 3% loss (P Ͻ 0.05), which was sustained (Ϫ19 Ϯ 4; P Ͻ 0.05) at Rϩ13. This pattern was also evident at the faster (180°/s) isokinetic speed with a 25 Ϯ 10% reduction at Rϩ7 and Rϩ13. For both the slow and fast speeds, eight of the nine subjects had a decrease in muscle performance.
A force-velocity curve for all subjects from pre-to postflight (Rϩ7) is shown in Fig. 2 . On average, force-velocity characteristics were reduced Ϫ20 to Ϫ29% across the velocity spectrum (P Ͻ 0.05). Peak power was 134 Ϯ 11, 91 Ϯ 10, and 94 Ϯ 13 W preflight, Rϩ7, and Rϩ13, respectively. On average, peak power declined 32% with spaceflight (P Ͻ 0.05).
Muscle fiber type. We isolated and analyzed the MHC profile on a total of 4,328 single muscle fibers from the gastrocnemius and soleus muscles before and after flight. The breakdown was 1,960 muscle fibers (1,109 preflight, 851 postflight) for the gastrocnemius and 2,368 muscle fibers (1,277 preflight, 1,091 postflight) for the soleus.
The average MHC profile of the gastrocnemius and soleus muscles from the crewmembers before and after space flight is shown in Fig. 3 . Individual data from the gastrocnemius and soleus of each crewmember are shown in Tables 7 and 8 , respectively. One individual (subject B) had a small muscle biopsy sample and therefore was not included in these analyses. The gastrocnemius had a 12% decrease (P Ͻ 0.05) in MHC I fibers and an increase (P Ͻ 0.05) in MHC I/IIa (ϩ4%) hybrid fibers and MHC IIa fibers (ϩ9%). Seven of the eight subjects had a decrease in MHC I fibers (range ϭ Ϫ6 to Ϫ31%). There were minimal MHC IIx and MHC I/IIa/IIx fibers detected in the pre-and postflight muscle samples. The Exercise performed on most days (Ͼ85% of total mission days) RE ϭ ϳ23 h total contraction time (assuming 2-s contractions for concentric and eccentric phase) Aerobic exercise ϭ ϳ120 h of activity (cycle ϩ treadmill) Exercise constituted ϳ3.4% of total time aboard the ISS RE, resistance exercise. Mean Ϯ SE 764Ϯ47 657Ϯ35* 699Ϯ39* Ϫ13Ϯ2 Ϫ8Ϯ2
All muscle volume data presented as cm 3 . Pre, preflight; Post, postflight; R ϩ 4 and R ϩ 19, 4 and 19 days after return from space. *P Ͻ 0.05 compared with Pre. †P Ͻ 0.05 compared with R ϩ 4.
4% increase in hybrid muscle fibers appears to be the result of the MHC I/IIa hybrid fiber type.
On average, the soleus had a 17% decrease (P Ͻ 0.05) in MHC I fibers. The shift away from MHC I fibers was distributed among the other fiber types (MHC I/IIa, IIa, IIa/IIx), with a nonsignificant increase of 4 -5% within each MHC phenotype. Combined, the soleus had a 12% increase (P Ͻ 0.05) in hybrid MHC isoforms. Three of the crewmembers (subjects D, E, and I) did not have any major alterations in fiber type of the soleus. Four of the crewmembers (subjects A, C, F, and G) had a decrease in soleus MHC I fibers that ranged from Ϫ20 to Ϫ44%.
Nutrition. Crewmembers had a daily average caloric intake of 2,377 Ϯ 118 kcal (range ϭ 1,874 -2,902 kcal). The dietary percent breakdown of carbohydrate, fat, and protein was 48, 33, and 18%, respectively.
Energy expenditure estimations during exercise. We made the following estimates for aerobic and resistance exercise: 1) cycling in space at the workload generally performed by the ISS crewmembers (100 -150 W) has been reported to be ϳ1.5-2.0 l/min (39) , which would be equivalent to 7.5-10.0 kcal/min. Since we were unable to make a direct estimate for the treadmill exercise, we assumed an oxygen uptake similar to the cycle exercise: 2) a maximal resistance exercise bout of three sets of eight repetitions has a net caloric cost of 90 kcal (8) . Given the less intense loading of the iRED and factoring for a greater number of contractions per set (12-20 repetitions), we used a conservative estimate of 70 kcal per set. Given the multiple resistance exercise routines using the lower legs, we estimate ϳ200 kcal per session.
Correlations. A positive correlation between initial muscle volume and absolute muscle volume loss was observed (r 2 ϭ 0.48, P Ͻ 0.05) and is shown in Fig. 4 . A negative correlation between treadmill exercise volume (min/wk) and absolute muscle mass loss was observed (r 2 ϭ Ϫ0.34, P ϭ 0.09) and is shown in Fig. 5. From Fig. 5 , it can be noted that when treadmill volume was Ͻ100 min/wk, there was a wide range in muscle mass loss (Ͼ100 cm 3 ). When treadmill volume was 200 -300 min/wk, there was less muscle mass loss (Յ62 cm 3 ). For total aerobic exercise volume (treadmill ϩ cycle ergometer), a poor correlation was observed (r 2 ϭ 0.08, nonsignificant) in relation to muscle mass loss. A direct correlation between the decrease in calf muscle strength and mass was not found.
DISCUSSION
This study provides a detailed overview of the exercise performed by nine crewmembers while on the ISS for 6 mo. We examined the benefits of this exercise program for protecting various aspects of skeletal muscle mass and performance. The main finding from this project was that the exercise program did not completely protect the calf muscles. We observed a substantial decrease in calf muscle mass and performance along with a slow-to-fast fiber-type transition in the gastrocnemius and soleus muscles, which are all traits associated with unloading in humans. These data suggest that changes to the exercise countermeasure program are required to more fully protect human skeletal muscle while crewmembers are in space for extended periods.
The in-flight exercise program performed among the crewmembers we tested had a large disparity in volume and mode of activity that was impacted by operational constraints outside of our control. The postflight testing timeline was driven by operational considerations, other research protocols, and crewmember availability. The muscle biopsies were obtained on Rϩ0 within a few hours of landing with minimal reambulation, which was ideal given the constraints of spaceflight research.
The initial measures of muscle volume (using MRI) on Rϩ4 were as close to landing day as logistically possible and provided an excellent snapshot of muscle volume after 6 mo in space. The initial measures of muscle performance on Rϩ7 and subsequent muscle testing in weeks 2 and 3 after landing may have been influenced by muscle soreness and the varied physical activity routines performed by the crewmembers. The average amount of muscle mass lost (Ϫ13%) with spaceflight was slightly less than with previous long-duration stays on the Russian Space Station Mir (Ϫ17%) (20) . The current ISS and previous Mir calf muscle volume loss is about one-half that of long-duration (60-to 120-day) bed rest studies showing a ϳ29% decrease among the control subjects without countermeasures (2, 21, 27, 40) . These data imply that the exercise in space is having a beneficial effect but is not complete, with the soleus being more difficult to protect than the gastrocnemius. From the MRI and exercise data and estimates of caloric intake and energy expenditure, four factors (in addition to the microgravity environment) appear to be contributing to the calf muscle volume findings. The first is the calf muscle volume before spaceflight. Our data suggest that the crewmembers with larger calf muscles had a greater degree of atrophy with long-duration spaceflight (Fig. 4) . Second, the volume of treadmill exercise may have provided a level of protection for calf muscle mass. The three individuals (subjects B, E, and H) who performed Ͼ200 min/wk on the treadmill lost about one-third of the calf muscle volume (Ϫ43 Ϯ 19 cm 3 ) compared with crewmembers who used the treadmill Ͻ100 min/wk (Ϫ135 Ϯ 16 cm 3 ). As a percentage, this translated into a Ϫ7 Ϯ 3% muscle loss for the high-volume treadmill users Fig. 2 . Calf muscle force-velocity profile before and after spaceflight. *P Ͻ 0.05 vs. preflight. Fig. 3 . Myosin heavy chain (MHC) composition of the gastrocnemius and soleus muscles before and after spaceflight. Hybrid, all fibers with more than one MHC isoform. *P Ͻ 0.05 vs. preflight. Table 7 . Gastrocnemius fiber type distribution before and after spaceflight and Ϫ17 Ϯ 2% for the low-volume treadmill users. Interestingly, two of the high-volume treadmill users who lost the least amount of muscle mass (subjects B and E) also had the smallest calf muscles before flight. Third, when the treadmill is used in passive mode, more force is needed to drive the belt during walking/running activities and may help protect against calf muscle atrophy. Finally, inadequate caloric intake may have contributed to the muscle atrophy. These combined factors (initial muscle volume, amount of treadmill exercise, mode of treadmill use, and negative caloric balance) likely contributed to the varied muscle mass findings in this investigation.
A substantial decline (Ϫ20 to Ϫ29%) in calf muscle performance with spaceflight was noted for both static (9 of 9 subjects) and dynamic (8 of 9 subjects) muscle actions. These data are in close agreement with the decline in muscle performance after 84 days on Skylab (Ϫ25%) (23) and 180 days on the Mir (Ϫ35%) (17, 46) . The decline in muscle performance following long-duration stays in space is less than in bed-rested subjects (ϳ40% loss) without countermeasures (2, 15, 27, 40) , suggesting that the ISS exercise program did provide a modest level of protection. However, the magnitude of loss in muscle performance was still quite large and covered a broad range of muscle performance from high-tension, slow movements to faster, more explosive movements. The overall reduction in muscle performance was sustained 2 wk after landing, with three of the crewmembers having a further decline in muscle performance at Rϩ13. We speculate that the varied recovery in muscle performance was related to muscle soreness and muscle damage from reloading in a 1-G environment. This idea is well supported by data in humans and rodents showing a high incidence of muscle fiber ruptures in the initial hours of reambulation after unloading (44) and deficits in force-power characteristics that persist for several days/weeks (22, 42) . The lack of recovery in muscle performance was in contrast to the partial recovery of muscle mass. The fact that the decline in muscle strength could not be completely accounted for by decline in muscle mass after flight and recovery is supported by numerous previous ground-based unloading studies (1, 2, 4, 9, 10, 19, 33, 40) . The low relationship between muscle strength and size with unloading has been partially explained by a decrease in neural drive (2, 3, 26, 33) and alterations in muscle fiber quantity and quality (18, 34, 35, 41, 43) .
The muscle biopsy data presented are the first from humans following a long-duration spaceflight. We observed a 12-17% shift in MHC phenotype of the gastrocnemius and soleus muscles after 6 mo on the ISS. The MHC shift was primarily driven by a decrease in MHC I fibers with a redistribution among the faster phenotypes. Overall, the change in gastrocnemius MHC phenotype among the crewmembers was more uniform compared with the soleus. Three crewmembers had no major shift in soleus MHC, whereas the other crewmembers had a robust slow-to-fast MHC transition. In particular, two crewmembers (subjects A and F) had massive changes in their soleus MHC profile. These same two crewmembers also had the largest change (Ͼ20%) in soleus muscle volume. For the remainder of the crewmembers, there was a wide mixture of results in the MHC profile relating to changes in muscle mass and muscle performance, with no clear relationship among these parameters and the exercise program.
The idea of a slow-to-fast muscle fiber transition with unloading is well documented in rodent (7, 32) and human (13, 47) muscles. Edgerton and colleagues (11, 47) reported a modest slow-to-fast muscle fiber transition (6 -8%) in the vastus lateralis following short-term (5 and 11 days) spaceflight (11, 47) . After a 17-day spaceflight, our laboratories did not observe any major shifts in gastrocnemius or soleus muscle fiber types (41, 43) , which was likely attributed to the volume of high-intensity calf muscle testing throughout the flight (38) . With long-duration bed rest (90 days), there was a larger decrease in MHC I fibers of 15-20% in the vastus lateralis and soleus muscles, with a large increase in the proportion of fibers containing the MHC IIx phenotype (Ͼ20%) (13, 36) . Collectively, these data suggest that the exercise performed while on the ISS had some benefit for the myocellular components. This concept is supported by the fact that that ISS postflight muscle samples did not have a large increase in the MHC IIx phenotype and that the magnitude of shift away from MHC I fibers was slightly attenuated compared with previous long-duration bed rest studies. However, for some crewmembers, the shift in MHC phenotype was greater than observed following long-duration bed rest with no countermeasures.
Although nutrition was not the focus of this investigation, we were able to obtain a basic nutritional profile of the crewmembers while they were on the ISS. Voluntary energy intake while in space has been reported to be reduced by ϳ20% (29, 31) and poses additional concern for muscle wasting. Together, the aerobic and resistance exercise for the crewmembers in the current study would account for 2,850 -4,200 additional kcal/ week. Our 430 -600 kcal/day estimate is in good agreement with previous reports from the ISS (16) . A previous energy expenditure report of humans working in space with no exercise countermeasures was ϳ31 kcal⅐ kg Ϫ1 ⅐day Ϫ1 (30) . Interestingly, the daily energy intake of the crewmembers we studied was ϳ30 kcal⅐kg Ϫ1 ⅐day Ϫ1 , which would be 17-23% below the predicted caloric need (35-37 kcal⅐kg Ϫ1 ⅐day Ϫ1 ) when the exercise is considered.
Although we could not quantify the intensity of the resistance exercise with any certainty, the iRED device has known loading limitations (25) that likely contributed to the highvolume, low-intensity resistance exercise program employed by the crewmembers. In the last decade, a large amount of data from short-and long-term ground-based unloading studies in humans have provided strong evidence for the use of highintensity resistance exercise to protect against skeletal muscle atrophy. Recently, we observed that a balanced high-intensity resistance (2-3 days/wk) and aerobic (ϳ4 days/wk) exercise program was more effective for preserving skeletal muscle characteristics during extended bed rest (34, 35, 40) compared with the current ISS study. The high-intensity resistance exercise performed during bed rest resulted in the leg muscles being under tension ϳ7 min/wk, compared with Ͼ60 min/wk in crewmembers on the ISS. The concurrent exercise prescription constituted 1.75% of the bed rest period and ϳ13,250 muscle contractions per week (34) , which is considerably less than the 3.4% of time in space and ϳ17,300 muscle contractions per week that was dedicated to exercise on the ISS. The additional 4,000 muscle contractions per week translate into 100,000 more muscle contractions during a 6-mo mission and highlight that quality (i.e., intensity) is more effective than quantity for protecting skeletal muscle size and performance during long-duration unloading.
The exercise and muscle data gathered from the nine crewmembers while on the ISS for 6 mo clearly support that changes to the exercise prescription are necessary to protect skeletal muscle with long-duration space missions. In addition to the risk associated with reduced muscle performance, the decrease in muscle mass and contractile phenotype shift has risk implications for sensory-motor deficits and skeletal muscle health (i.e., fuel use, reduced oxidative capacity, fatigue, insulin resistance). The exercise program performed on the ISS was mainly of moderate intensity. Including hardware that had greater loading capabilities for high-intensity exercise as well as monitoring the crewmembers periodically during spaceflight would allow the exercise program to be modified accordingly. Applying these principles to the manned space program would lead to a more effective exercise program for skeletal muscle, reduce the risk imposed to the crewmembers, and likely reduce the total time necessary for exercise while in space.
